C ost advantages associated with large-scale dairy farming have resulted in a drastic increase in dairy farm size in the United States (MacDonald et al., 2007) . In Minnesota, the number of dairy farms with greater than 500 cows grew from 1 in 1992 to 60 in 2007, with some farms now having 5000 cows or more. At the same time, the Minnesota dairy herd population decreased by more than 30% (National Agriculture Statistics Service, 2009), signaling a geographic consolidation of dairy production. This upscaling and consolidation can contribute to increased public attention for the dairies that remain; thus, some large dairy operators actively seek management practices to improve the environmental impacts of their operations. Such producers are interested in practices that improve soil conservation and nutrient cycling and reduce off-site nutrient transport. They need reliable information about the probable effects of alternative management practices on the crop productivity and environmental impacts of their operations.
The primary forages for large dairies in Minnesota are corn silage and alfalfa. Whereas corn silage production has remained steady with the proliferation of large dairies, alfalfa production has decreased (National Agriculture Statistics Service, 2009). These trends suggest that large dairies are relying more heavily on corn silage to meet forage needs. Corn silage is a valuable forage crop because of high yields and nutritional value, but corn production can have negative environmental consequences (Randall, 2003) . In corn silage systems, crop growth occurs primarily from May through September. The limited plant growth during the spring and fall leaching periods can contribute to off-site nutrient transport. Because most aboveground biomass is removed with the silage crop, there is little plant residue returned to the soil other than the root system. Soil C is lost to microbial respiration and leaching, and if not replaced by additional C inputs, a decrease in soil C levels may occur (Dolan et al., 2006) . Corn silage fields also have limited ground cover from the time of harvest until the corn is well established the following year, which leaves the soil susceptible to wind erosion and off-site nutrient transport (Mann et al., 2002) .
Including a winter rye cover crop may mitigate environmental risks posed by high manure application rates and corn silage production. Rye takes up soil water and nutrients during the fall and spring, effectively extending the growing season. Winter rye is particularly well suited for cover cropping in Minnesota because it is winter hardy and begins regrowth early in the spring (Stoskopf, 1985) . When used as a cover crop, rye scavenges residual soil NO 3 -N (Jewett and Thelen, 2007) , reduces NO 3 -N leaching (Kaspar et al., 2007; Strock et al., 2004) , and improves soil quality (Jokela et al., 2009) . Rye biomass returned to the soil can increase soil C (Kuo et al., 1997) . Increased ground cover provided by the rye (Scott et al., 1987) can reduce soil erosion (Kaspar et al., 2001) and off-site nutrient transport through surface runoff.
Often producers are reluctant to plant winter rye because of costs associated with rye management, but when harvested, rye can provide high quality forage and possibly offset the cost of production. Rye is the preferred small grain in a double-crop system because it reaches optimum growth stage earlier in the spring than other small grains (Maloney et al., 1999) , allowing for earlier harvest and subsequent corn planting. Total forage production may be increased in a rye-corn silage double-crop system relative to monocrop corn silage (Raimbault et al., 1990; Tollenaar et al., 1992) . Furthermore, increased forage yield may increase plant nutrient uptake, thus allowing higher manure application rates on farms with excess manure. Rye harvest date and corn planting date are likely to be important variables affecting the productivity of a rye-corn double-crop system Darby and Lauer, 2002) , but these timing effects are not yet well quantified.
We hypothesized that winter rye seeded after corn silage may mitigate some of the environmental concerns associated with changing dairy production practices. Our objectives were to (i) compare the forage production and environmental impacts of monocrop corn silage and rye-corn silage double-crop systems with annual high-rate manure application, and (ii) assess the effects of timing of corn planting and rye harvest on forage production and environmental impacts within each system.
MATERIALS AND METHODS
The study was conducted at the West Central Research and Outreach Center (WCROC) in Morris, MN (45.58° N, 95 .87° W, 348 m above sea level) from September 2006 through October 2009 under rainfed conditions. The soil was a Doland silt loam (fine-loamy, mixed, superactive, frigid Calcic Hapludoll) with slopes of 0 to 2% and a typical pH of 7.5. The experimental design was a randomized complete block with four corn silage treatments and four replications. Treatments were monocrop corn planted early and late (early corn, EC; late corn, LC) and double-crop ryecorn with corn planted early and late (early rye, ER; late rye, LR). The EC treatment uses typical management practices, including timing of corn planting and harvest, for corn silage production near Morris, MN. The ER and LR treatments are proposed alternative management systems and examine the effect of rye harvest timing and corn planting date on forage production. The LC and ER treatments allow the effect of the rye on corn silage production to be examined without confounding planting date effects. The plot size was 18.3 by 18.3 m in the EC and LC treatments and 18.3 by 16.0 m in the ER and LR treatments. To study cumulative multiyear effects, treatment plots were in identical locations each year from 2006 to 2009. The site was in corn silage production during the 2006 growing season that preceded the study, and did not have a history of manure application.
Agronomic Management
Manure was fall-applied each year, which is a common manure management strategy in Minnesota that helps ensure timely spring field operations (Blanchet and Schmitt, 2007) . Dairy manure was not available in 2006, so liquid swine manure was surface-applied at 75,000 L ha -1 on 2 Oct. 2006. Liquid dairy manure was injected using a top fill slurry tanker with hydraulic disk injectors on 10 Sept. 2007 and 12 Sept. 2008 at 140,000 L ha -1 . The entire study area was tilled with a disk chisel plow and field cultivated immediately after manure application each fall. Total N application rates were 296, 458, and 424 kg N ha -1 , and P application rates were 78, 129, and 119 kg P ha -1 in , respectively. Estimated available N (Russelle et al., 2008 ) was 237, 229, and 212 kg N ha -1 in 2006 , respectively, which is slightly higher than the maximum N fertilizer recommendation of 202 kg ha -1 for continuous corn production in Minnesota (Rehm et al., 2006) . Manure application rates were designed to mimic potential rates on farms with surplus N, as may be the case with a large dairy on a limited land base. Manure C inputs were 3. (Zadoks et al., 1974) , and the remainder of the plot was Zadoks et al. (1974) . § Corn moisture reported as g water kg -1 fresh matter.
harvested. Subsamples of approximately 1 kg were dried at 65°C for 48 h for DM determination and ground to pass through a 1-mm sieve for N analysis by dry combustion (Bremner and Mulvaney, 1982) (Leco TruSpec CHN, Leco Corp., St. Joseph, MI).
Spring field cultivation for corn seedbed preparation was performed in the EC and LC treatments, whereas no spring tillage was performed in the ER and LR treatments. Corn for all treatments was seeded at 88,180 seeds ha -1 with 76-cm row widths using a four row no-till planter ( (Wiersma et al., 1993) (Table 1 ). Corn DM yield was determined by hand harvesting 3 m of row to a height of 15 cm at two locations in each plot. Samples were combined within a plot, weighed. A subsample of three plants was dried at 65°C for 48 h, ground to pass through a 1-mm sieve, and analyzed for N by dry combustion (Bremner and Mulvaney, 1982) (Leco TruSpec CHN, Leco Corp., St. Joseph, MI). The remaining corn was removed from the plot using a forage harvester.
Soil Sampling
Soil samples were collected each fall and spring beginning in October 2006. Soil samples in the fall of 2006 were collected after manure application and before rye planting. This sampling revealed no differences between treatment plots in any measured soil variables. Fall sampling in 2007, 2008, and 2009 occurred directly after corn silage harvest and before manure application. Spring soil sampling for all treatments occurred in mid-May soon after rye forage harvest in the ER treatment. Samples were collected to a depth of 60 cm in the spring and 90 cm in the fall using a hydraulic sampler with a core i.d. of 3.8 cm. Separate cores were collected for chemical and physical analyses, and cores were subdivided into 0-to 15-, 15-to 30-, 30-to 60-, and 60-to 90-cm layers. The uppermost segment of the cores taken for chemical analysis was subdivided into 0-to 5-and 5-to 15-cm layers. Six cores were collected from each plot and composited by depth. Samples for chemical analyses were dried at 37°C and ground to <0.5 mm, and samples for physical analyses were dried at 105°C.
Soil chemical analyses were NO 3 -N, NH 4 -N, Olsen P, total C (TC), soil inorganic C (SIC), and soil organic C (SOC), and physical analyses were gravimetric water content and bulk density. Soil C was measured only on fall samples. Samples for NO 3 -N and NH 4 -N were extracted using the method of Keeney and Nelson (1982) , and samples for P were extracted using the method of Olsen and Sommers (1982) . Extracts for N and P were filtered and measured colorimetrically using flow injection analysis (Alpkem Corp., Clackamas, OR). Determination of TC was done by dry combustion (Bremner and Mulvaney, 1982 ) with a LECO TruSpec CHN analyzer (Leco Corp., St. Joseph, MI). The method of Wagner et al. (1998) was used for determination of SIC, and SOC was determined by difference (TC -SIC). Bulk densities determined at each sampling date were used to calculate other soil variables as mass per unit area. Volumetric water content was calculated by multiplying gravimetric water content by bulk density. Water storage in each sampled soil layer was calculated as the product of the volumetric water content and the soil layer thickness.
Because fall 2006 samples were collected soon after manure application, and fall samples from subsequent years were collected before manure application, data from fall 2006 were excluded from across year comparisons. Soil NO 3 -N concentrations for the fall 2006 sampling were 26.9, 9.1, and 4.6 mg kg -1 for the 0-to 30-, 30-to 60-, and 60-to 90-cm layers, respectively, whereas soil NH 4 -N concentrations were 9.9, 2.6, and 2.1 mg kg -1 for the same soil layers. In general, soil NH 4 -N concentration was low compared with NO 3 -N, representing 17% of inorganic N in the spring and 10% of inorganic N in the fall. Fall 2006 NH 4 -N was higher relative to NO 3 -N than for other fall samplings, probably because samples were collected soon after application of swine manure. Olsen P concentrations in the fall of 2006 were 25.7, 12.1, and 8.5 mg kg -1 for the 0-to 30-, 30-to 60-, and 60-to 90-cm layers, respectively. Olsen P in the 0-to 15-cm layer was 35.3 mg kg -1 in the fall of 2006 compared with an average of 18.3 for subsequent years. High Olsen P in 2006 probably resulted from the timing of soil sample collection relative to manure application. Surface soil (0-15 cm) Olsen P met the requirements for the high or very high soil P classifications for corn production in Minnesota each year, with little or no fertilizer P recommended (Rehm et al., 2006) . Fall 2006 SOC from 0 to 30 cm was 20.6 g kg -1 .
Soil Solution Nitrate-Nitrogen and Dissolved Reactive Phosphorus Measurements
Soil water was sampled for NO 3 -N and dissolved reactive phosphorous (DRP) using suction cup samplers constructed in a manner similar to that suggested by Lord and Shepherd (1993) using ceramic cups with a maximum pore size of 2.5 µm (Model 653X05-B01M3, Soilmoisture Equipment Corp., Santa Barbara, CA). Samplers were pressure tested before field installation and again at the conclusion of the study, with 29 of 32 samplers being functional on removal from the field. Samplers were installed in June 2007 in 7.6-cm diameter vertical-bore holes prepared using a hydraulic auger, with ceramic cups placed at a depth of 1.2 m into silica flour slurry. Holes were backfilled to within 20 cm of the soil surface, followed by a 10-cm bentonite cap, and then 10 cm of soil. Holes were filled in a manner that maintained the integrity of the soil horizons. Two samplers were installed in each plot and remained in the field for the entire study. The aboveground portion of the samplers was buried for approximately 1 wk each fall and spring to allow for field operations. Samples collected from June 2007 through August 2007 were discarded, allowing a 3-mo equilibration period.
When conditions permitted, soil water was collected every 2 wk by applying a vacuum of -60 kPa for 24 h. Samples were collected in 500 mL high density polyethylene (HDPE) bottles and immediately frozen. At the end of each crop year, samples were thawed, massed, and filtered using a 0.2-μm nylon filter. Sample volume averaged 47 mL, and the within treatment, within date coefficient of variation averaged 94%, similar to previously reported results . During the 2007-2008 crop year, 111 samples were collected. Only 33 were collected during the 2008-2009 crop year due to dry conditions. When samples were collected from both samplers for a given plot and date, plot mean NO 3 -N and DRP concentrations were calculated on a volume weighted basis. Treatment means were then calculated from plot means. Determination of NO 3 -N (Lachat Instruments, 2000a) and DRP (Lachat Instruments, 2000b) were by flow injection analysis (Model QC8500, Lachat Instruments, Milwaukee, WI). Because DRP has been shown to be the primary form of P in subsurface drainage (Heckrath et al., 1995) , DRP was the only P form determined.
A combination of field measurements and modeling were used to establish a water balance for each cropping system using the following equation:
where D is the drainage below 90 cm, P is precipitation, ET is evapotranspiration, and ΔS is soil water storage to 90 cm for a given fall sampling event minus soil water storage from the previous fall. This equation assumes no lateral transfers of water between plots. Daily precipitation data were collected from a weather station located 0.6 km from the study site and maintained by the University of Minnesota at the WCROC, and other meteorological data were obtained from a weather station located 13 km from the study site and maintained by the USDA-ARS. Calculation of growing degree day (GDD) was done using maximum temperature of 30°C and a base temperature of 10°C (McMaster and Wilhelm, 1997) . Weather data were presented by total crop year, rye growing season, and corn growing season. The crop year was defined as the period from the day after corn harvest until corn harvest the following year. Evapotranspiration was modeled using the dual crop coefficient approach outlined in FAO Irrigation and Drainage Paper 56 (Allen et al., 1998) .
Ground Cover
Ground cover data were collected in the spring and fall from May 2007 until June 2009. At each sampling date, five digital photographs were collected per plot with a downward facing camera at a height of 1.2 m. Using SamplePoint software (Booth et al., 2006 ), a grid of approximately 100 points was overlaid on each photograph, and presence of ground cover at each point was determined by visual inspection. In the fall, photographs were taken in September, October, and November. In September 2007, photographs were taken after rye planting and fall field operations, but in 2008 and 2009 they were taken directly after corn silage harvest. Photographs in October and November were taken after all fall field operations each year. Spring photographs were taken in April, early May, mid-May, and early June.
Statistical Analysis
Data pertaining to forage production, soil properties, and soil solution measurements were analyzed using the MIXED procedure of SAS (SAS Institute, 2008) . For forage and soil solution measurements, year was treated as a repeated measure, whereas depth and year were treated as repeated measures for soil measurements. Treatment, date of planting, year, and depth were considered fixed effects, whereas block was considered a random effect. Date of planting was not significant for any crop, soil, or soil solution variables (P > 0.05), but the treatment × timing interaction was significant for some crop variables (P < 0.10). Therefore crop variables were presented for each treatment and date of planting combination, whereas soil and soil solution variables were pooled across date of planting in each treatment. Mean comparisons were made using Fisher's protected LSD test (α = 0.05). Linear regression of soil NO 3 -N and Olsen P storage were performed with the REG procedure of SAS, whereas the MIXED procedure of SAS was used to analyze ground cover data with treatment, date of planting, and sampling date as fixed effects and block as a random effect (SAS Institute, 2008) . Date of planting was treated as a repeated measure and was a significant effect for ground cover; therefore, ground cover data were reported for each treatment.
RESULTS AND DISCUSSION
Weather Growing degree day accumulation was 1349, 1723, and 1582°C-d for the 2006-2007, 2007-2008, and 2008-2009 Fig. 1 . Precipitation during each rye growing season was above the 40-yr average, averaging 125% of normal. Precipitation during each corn growing season was below the 40-yr average, averaging 61% of normal. In general, the weather during the study was more favorable for rye growth and less favorable for corn growth than normal at this location.
Forage Yield and Nitrogen Accumulation
Delaying rye harvest by 2 wk in the LR treatment resulted in 1.2 to 2.5 Mg ha -1 greater rye DM yield than ER (Table 2) . Rye DM yield varied with year, presumably because of weather variations and later rye planting in the fall of 2006. The year × treatment interaction was significant, with the greatest difference in rye DM yield between ER and LR treatments occurring 2009. The much greater rye DM yield with only 2 wk of additional growth in the LR treatment supports the work of Kantar et al. (2011) , who reported that winter rye DM yield rapidly increased from mid to late May in Minnesota. Corn DM yield was similar between the EC and LC treatments each year (Table 2) (Raimbault et al., 1990 ) and 14% (Tollenaar et al., 1992 ) after a rye forage crop compared with corn seeded after winter fallow.
Total forage DM yield ranged from 14 to 22 Mg ha -1 and was suppressed in the ER and LR treatments in 2007 when rye DM yield was lowest and in the ER treatment in 2008 when corn yield was most impacted by rye (Table 2) . Raimbault et al. (1990) reported similar total forage DM production between monocrop corn and rye-corn systems when corn was no-till seeded after rye harvest in mid-May, but Tollenaar et al. (1992) found a slight increase in total forage DM production when corn planting dates after winter fallow and after rye were the same. Total N removal varied with total DM yield and ranged from 201 to 300 kg ha -1 yr -1 (Table 2 ). Total N removal was similar for all treatments in 2007 and 2008, but was lower in the EC treatment than the ER and LR treatments in 2009 when total forage DM yield with double-cropping was greater than previous years.
Soil Water Storage
Spring soil water storage from 0 to 15 cm was reduced in double-crop treatments compared with monocrop treatments by 19, 27, and 37% in 2007, 2008, and 2009, respectively (Table  3) . Differences existed in the 0-to 15-and 15-to 30-cm layers each year, and in the 30-to 60-cm layer in 2007. Between-year differences can be attributed to precipitation variability and differences in rye growth. Because soil samples were not collected at the time of the rye harvest in the LR treatment, the effect of the additional 2 wk of rye growth on soil water storage cannot be determined, but it is probable that delaying rye harvest resulted in greater soil water depletion (Krueger et al., 2010) .
Soil Mineral Nitrogen
Spring soil NO 3 -N concentration from 0 to 5 cm was reduced in double-crop treatments compared with monocrop treatments by 61, 88, and 70% in 2007, 2008, and 2009, respectively (Table  4) NO 3 -N buildup with monocropping. Spring soil NO 3 -N tests revealed that N fertilizer would have been recommended for all treatments and years (Rehm et al., 2006) , with supplemental fertilizer recommendations of at least 15 and 68 kg N ha -1 yr -1 for monocrop and double-crop treatments, respectively, but no supplemental N was added. Linear regression analysis of fall soil NO 3 -N storage to 90 cm as a function of year showed an average increase (P £ 0.001) in soil NO 3 -N of 71 kg ha -1 yr -1 in the monocrop treatments (Fig. 2) , suggesting the need for reduced N fertilization with monocropping. There was no significant trend in soil NO 3 -N storage in the double-crop treatments (P = 0.87). Accumulation of soil NO 3 -N induced by multiple high-rate manure applications was also reported by Munoz et al. (2003) in a corn production system in Wisconsin and by Chang et al. (1991) in a long-term experiment in Alberta, Canada.
Soil Olsen Phosphorus
Soil Olsen P concentrations in the spring ranged from 30 mg kg -1 for the 0-to 5-cm layer to <10 mg kg -1 below 30 cm and were similar across treatments (data not shown). These concentrations were sufficiently high that no P fertilizer application would have been recommended (Rehm et al., 2006) . Higher soil P concentrations than measured here are common in soils with a history of manure application (Laboski and Lamb, 2003) .
Regression analysis of fall soil P storage to 15 cm revealed a decrease (P = 0.03) in Olsen P of 8 kg ha -1 yr -1 in doublecrop treatments (Fig. 2) . The trend was not significant (P = 0.23) with monocropping. The study area received an average P application of 109 kg ha -1 yr -1 , whereas estimated P removal was 53 kg ha -1 yr -1 , assuming a P content of 0.30 and 0.28% for corn silage and rye silage, respectively (Linn and Martin, 1989) . Applying P beyond crop requirements can lead to buildup of soil P (Eghball and Power, 1999) . The absence of measured P buildup in our study may result in part from P precipitation by calcium in the Doland silt loam (typical pH = 7.5). The applied manure may have also had a liming effect (Eghball, 2002) , which could further enhance phosphate fixation (Curtin and Syers, 2001 ) and decrease P extractability by the Olsen P test (SornSrivichai et al., 1984) . The potential for soil P buildup exists for each management system studied, with increased soil P being associated with off-site P transport via surface runoff (Sharpley, 1995) and leaching (Heckrath et al., 1995) .
Soil Carbon
Concentration of SOC in the 0-to 5-cm layer increased by 18% with monocropping and 26% with double-cropping from 2007 to 2009 (Table 5 ). In the 5-to 15-cm layer, there was no rye treatment effect on SOC, but SOC increased 10% from 2007 to 2009 when averaged across management systems. Concentration of SIC did not vary between treatments or with time (data not shown). Unlike results reported by Dolan et al. (2006) , continuous corn production with residue removal did not negatively impact SOC. Our observed increase in SOC was probably a result of carbon additions from manure (Andraski et al., 2003) and corn in the monocrop treatments, and from manure, corn, and rye (Kuo et al., 1997) with double-cropping.
It is important to measure SOC at depths greater than 30 cm to fully understand the effects of agronomic management on SOC (Baker et al., 2007) . Measured SOC from 30 to 90 cm significantly increased from 4.6 g kg -1 in 2007 to 7.0 g kg -1 in 2009. However, because SOC was determined by difference (TC -SIC), uncertainty introduced by high SIC concentration below 30 cm in the calcareous soil of this study makes interpretation of SOC accumulation below 30 cm difficult.
Soil Solution Nitrate-Nitrogen and Dissolved Reactive Phosphorus
Soil solution NO 3 -N concentrations at 1.2-m depth exceeded 10 mg L -1 , the USEPA maximum contaminant level for drinking water, on all sampling dates (data not shown). (Table 6) . Kaspar et al. (2007) reported that rye cover crops reduced NO 3 -N concentration by 59% in corn-soybean [Glycine max (L.) Merr.] production in Iowa, with NO 3 -N concentration not exceeding 25 mg L -1 with conventional management and 12 mg L -1 with a rye cover crop. In our study, mean annual soil solution NO 3 -N concentration ranged from 30 to 59 mg L -1 , with these higher concentrations probably resulting from high annual N input. Soil solution NO 3 -N concentrations exceeding 50 mg L -1 have been reported when fertilizer N was applied at 100 kg ha -1 beyond crop requirements in Wisconsin (Andraski et al., 2000) . Although soil solution NO 3 -N concentrations were high for mono and double-crop treatments, low drainage volumes resulted in little N being leached. Calculated annual drainage was similar for mono and double-crop treatments, averaging 47 mm yr -1 with monocropping and 37 mm yr -1 with doublecropping. Annual NO 3 -N leaching load was 8 kg ha -1 yr -1 averaged across mono and double-crop treatments. Previous research suggests that our calculated drainage is typical for the study region (Delin et al., 2007) , indicating that low N leaching loads may not be a product of low precipitation during the study period, but may simply represent typical drainage for the area. The apparent absence of a rye treatment effect on subsurface drainage volume in our study corroborates the work of Strock et al. (2004) in Minnesota who found that a rye cover crop did not impact average annual subsurface drainage in a corn grain cropping system compared with corn alone.
Measured soil solution DRP was similar between treatments each growing season (Table 6) , with a volume weighted study average DRP concentration of 0.058 mg L -1 . On 70% of the sampling dates, soil solution DRP concentrations exceeded the recommended limit of 0.05 mg L -1 for phosphate-P in waters discharging directly into lakes or reservoirs (USEPA, 1986). Total P leached over two crop years was 0.02 kg ha -1 averaged across all treatments, which is consistent with leaching loads reported for soils with similar P levels (Maguire and Sims, 2002) . Others have found an increase in P leaching with cover cropping compared with winter fallow (Torstensson et al., 2006) , presumably because soluble P is leached from cover crop biomass and is prone to movement with water (Miller et al., 1994) . We did not observe a similar increase in P leaching load for the double-crop systems, likely because the majority of the rye biomass was removed from the plot with harvesting.
Leachate DRP concentration was in the range of previous research on soils receiving manure, but concentrations greater than 0.5 mg L -1 have also been commonly reported (Heckrath et al., 1995; McDowell and Sharpley, 2001) . The low leachate DRP concentrations in our study may have resulted from the low soil P compared with studies reporting higher DRP loss. Research suggests that a soil P threshold exists above which DRP leaching can be high. For soils with pH similar to the Doland soil in this study, a threshold Olsen P value of at least 49 mg kg -1 in the surface soil has been found (Heckrath et al., 1995) , well above our observed surface soil Olsen P of 18 mg kg -1 . In addition, our low measured DRP concentrations may result from P transformations during sample storage, which were shown to drastically reduce DRP after several days in frozen soil water samples collected from a calcareous soil in England (Haygarth et al., 1995) .
Ground Cover
Ground cover in the fall and spring was greater with doublecropping than with monocropping, protecting the soil during periods when it is most susceptible to erosion (Fig. 3) . Fall and spring ground cover was similar for monocrop treatments, generally averaging less than 30% and often less than 10%. Ground cover differed between EC and LC treatments only in the early summer when corn growth was greater in the EC treatment. Ground cover for the double-crop treatments was consistently greater than 30% and increased throughout the fall as rye developed. Conversely, ground cover decreased throughout the fall with monocropping as corn residue was buried or decayed. Ground cover was generally similar between double-crop treatments, differing only after early rye harvest when ground cover in the ER treatment was lower than for LR. Because there was no spring tillage after rye harvest, rye residue after harvest provided at least 30% ground cover for the ER and LR treatments, offering erosion protection until the corn crop became established. Our observed increase in ground cover with rye is consistent with those reported for other cover crops (Hively and Cox, 2001 ). Environmental and Agronomic Implications Environmental concerns regarding corn silage production with high-rate manure application were partially addressed with the ryecorn silage double-crop systems. The double-crop systems prevented soil NO 3 -N accumulation, reduced soil solution NO 3 -N concentration, increased the SOC accumulation rate, and provided more ground cover during critical parts of the year relative to the monocrop corn silage. Although rye scavenged soil NO 3 -N during fall and spring leaching periods, total N removal was improved with double-cropping in only 1 yr. Recall that total N application rates were 300 to 460 kg ha -1 yr -1 , well above the observed N removal rates, which ranged from 201 to 262 kg ha -1 yr -1 with monocropping and 204 to 300 kg ha -1 yr -1 with double-cropping. Because leaching load was low for all treatments, averaging only 8 kg ha -1 yr -1 , only a small portion of the difference between N application and removal rates was accounted for by NO 3 -N leaching losses. The monocrop treatments accumulated soil NO 3 -N, and the remaining differences between the N application and removal rates were probably partitioned between soil organic N accumulation and gaseous N emissions.
Increased SOC concentration with time near the soil surface was observed in both mono and double-crop systems, indicating that factors other than rye also contributed to SOC accumulation. Previous research has shown an increase in SOC when crop fertility requirements are met with manure (Chang et al., 1991; Fronning et al., 2008) , suggesting that in our study, C additions from manure may have been the primary factor contributing to increased SOC.
The potential for improved forage production and N removal with double-cropping was limited by decreased corn yield after rye, probably resulting from the absence of tillage after rye (Vetsch and Randall, 2004) , depletion of soil water and NO 3 -N by the rye , delayed corn planting (Darby and Lauer, 2002) , and perhaps allelopathic effects of rye (Raimbault et al., 1990; Tollenaar et al., 1992) . In a rye-corn silage double-crop system, timing of rye termination in the spring will in large part determine the impact of rye on corn yield, and skillful management will be an important component of successful corn-rye doublecrop systems. For example, the producer can monitor precipitation and adjust rye harvest timing accordingly, harvesting earlier in dry years. Although an earlier rye harvest would reduce rye yield, it could also preserve soil water for the corn crop (Krueger et al., 2010) . In addition, a spring soil NO 3 -N test can determine the need for supplemental spring N fertilizer, or manure application could be split between fall and spring to ensure sufficient N for corn production. In some years, potential yield loss because of late corn planting may be recouped with a later harvest. Delaying corn harvest would delay subsequent rye planting and probably reduce rye biomass yield the following spring. Another option would be a winter fallow/corn silage-rye/corn silage 2-yr rotation. Such a rotation may partially gain the environmental benefit of the rye while also protecting corn yield by harvesting later when seeded after rye. This possibility requires additional research.
CONCLUSIONS
Winter rye seeded after corn silage harvest improved the environmental impacts of corn silage production and high-rate manure application, but corn yield decline after rye prevented the double-crop systems from increasing total forage DM yield relative to monocrop corn silage systems. Double-cropping prevented the buildup of soil NO 3 -N that was observed in the monocrop treatments, thus reducing the risk of off-site N transport. Even with limited C returned to the soil from the corn silage crop, soil organic C concentration near the soil surface increased with time for all treatments, with a greater increase under doublecropping. Soil solution NO 3 -N concentration was reduced under double-cropping compared with monocrop treatments, but the concentration remained high for all treatments. Low drainage resulted in low NO 3 -N leaching loads for all treatments. Perhaps the most immediate concern with corn silage production at the study location was limited ground cover and erosion potential with monocrop corn silage production. Ground cover was consistently higher in double-crop treatments, especially during the fall and spring periods when soil is most prone to erosion. Although winter rye seeded after corn silage mitigated some environmental concerns associated with high-rate manure application and silage production, the relatively short growing season and limited rainfall in west central Minnesota make double-cropping challenging.
